A defining feature of sleep is reduced responsiveness to external stimuli, but the 39 mechanisms gating sensory-evoked arousal remain unclear. We hypothesized that 40 reduced locus-coeruleus norepinephrine (LC-NE) activity during sleep mediates 41 unresponsiveness, and its action promotes sensory-evoked awakenings. We tested 42 this using electrophysiological, behavioral, pharmacological, and optogenetic 43 techniques alongside auditory stimulation in freely behaving rats. We found that 44 systemic reduction of NE signaling lowered probability of sound-evoked awakenings 45 (SEAs). The level of tonic LC activity during sleep anticipated SEAs. Optogenetic LC 46 activation promoted arousal as evident in sleep-wake transitions, EEG 47 desynchronization, and pupil dilation. Importantly, liminal LC excitation before sound 48 presentation increased SEA probability. Optogenetic LC silencing using a soma-49 targeted anion-conducting channelrhodopsin (stGtACR2) suppressed LC spiking and 50 constricted pupils. Brief periods of LC opto-silencing reduced the probability of SEAs. 51 Thus, LC-NE activity determines the likelihood of sensory-evoked awakenings and its 52 reduction during sleep constitutes a key factor mediating behavioral 53 unresponsiveness. 54 55
Introduction
Sleep is characterized by a reversible disconnection from the environment that entails 57 reduced responsiveness to external stimuli. An elevated arousal threshold is a central feature 58 of sleep that is present in all mammals and constitutes the main criterion by which sleep is 59 defined in invertebrates lacking cortical EEG such as reptiles, nematodes, flies and fish, and 60 even in jellyfish without a central nervous system 1-4 . Thus, understanding how sleep is 61 maintained in the face of external sensory events, and what determines sensory-evoked 62 awakening is an open question. Naturally, the intensity of sensory stimuli affects awakening 63 probability 5 , but other factors such as behavioral relevance also play a role. For example, 64 vocalizing a person's name is more likely to produce awakening compared to a meaningless 65 stimulus of equal intensity 6, 7 . Apart from the properties of sensory stimuli, the internal state 66 also plays a role. For example, arousal thresholds depend on sleep stage (NREM sleep vs. REM 67 sleep), sleep duration, and slow wave activity 5 . In addition, arousal thresholds vary 68 substantially between individuals and with age 8,9 : while some individuals experience hyper-69 arousal (e.g. chronically, or during transient anxiety) and wake up frequently from weak 70 stimuli, others sleep deeply and only high-intensity stimuli lead to awakenings. What 71 determines sensory-evoked awakening and the factors underlying variability across 72 individuals, age, and throughout sleep remain largely unknown. 73 Wakefulness is supported by a number of subcortical wake-promoting neuromodulatory 74 systems 10 . Following the identification of the ascending reticular activating system 11 , a more 75 detailed parcellation of wake-promoting systems followed. Multiple studies established that 76 levels of norepinephrine (NE), serotonin, histamine and hypocretin (orexin) are high during 77 wakefulness and low during both NREM and REM sleep [12] [13] [14] [15] [16] whereas acetylcholine levels and 78 dopaminergic levels (in the ventral tegmental area and in the ventral periaqueductal gray 79 matter) are high during both wakefulness and REM sleep and decrease during NREM sleep 17-80 19 . Recent studies established a causal relationship between neuromodulatory activity and 81 awakenings. For example, optogenetic activation of hypocretin neurons in the posterior 82 hypothalamus 20 , noradrenergic neurons in the locus-coeruleus 21,22 and dopaminergic 83 neurons in the dorsal raphe nuclei 23 increases the probability of sleep-to-wake transitions. 84 Activating GABAergic neurons from the lateral hypothalamus, dopaminergic neurons (in the 85 VTA and ventromedial thalamic nucleus) induces rapid awakening from NREM, but not REM 86 sleep 18, 24, 25 . However, these experiments focused on internally triggered sleep-to-wake 87 transitions and it remains unclear whether the same systems also mediate sensory-evoked 88 awakenings. 89 We hypothesized that the LC-NE system plays a key role in mediating sensory-evoked 90 arousals, and that its reduced activity throughout sleep contributes to unresponsiveness. 91 Several lines of evidence support this proposition: first, LC activity was found to be high during 92 wakefulness, low during NREM sleep, silent during REM sleep and to increase prior to sleep- 93 to-wake transitions 12 . Second, optogenetic LC activation leads to immediate awakening 94 within few seconds in mice 21 and rats 22 , whereas activation of hypocretin neurons leads to 95 an awakening with latencies around 25s (Adamantidis et al. 2007 ), and those are likely 96 mediated via LC projections 26 . Third, LC-NE activity is implicated in orienting responses 27 , in 97 responding to salient behaviorally-relevant stimuli 28, 29 , and is involved in stress and pain 98 processing that affects arousals and awakenings 30, 31 . Fourth, LC-NE modulates the signal-to- 99 noise ratio (SNR) in sensory systems 32 . Fifth, a higher arousal threshold is found in NE-100 deficient mice after sleep deprivation 33 , and low NE levels during wakefulness are associated 101 with electrophysiological markers of disengagement from the environment such as high- 102 voltage spindles 34, 35 . Given these considerations, we set out to test the causal role of LC-NE 103 activity in mediating sensory disconnection during sleep. 104 We performed a series of experiments in rats, focusing on auditory stimulation during natural 105 sleep where we controlled sensory stimulation with high temporal resolution. After 106 establishing an experimental system to quantify auditory arousal thresholds from natural 107 sleep, we pharmacologically manipulated NE signaling, finding that lower NE signaling 108 reduced awakening probability. Next, we recorded LC spiking activity during natural sleep and 109 found that baseline tonic LC activity was higher before sound that produced awakenings. To 110 test the causal role of LC-NE activity in more detail, we established selective and efficient 111 optogenetic control over LC activity, including the use of a new vector to silence the LC. Both 112 optogenetic excitation and silencing reliably controlled LC activity and bi-directionally 113 modulated pupil size. We then delivered sounds during natural sleep in conjunction with 114 either liminal LC excitation or with LC silencing, finding that LC-NE activity is sufficient (and 115 necessary) to modulates the probability of awakening in response to sound. 116 Results 117 118 Attenuation of NE signaling decreases the probability of sound-evoked awakening (SEA) 119 120 We first established and validated an experimental protocol to reliably quantify auditory 121 arousal threshold in freely sleeping rats. We continuously monitored the vigilance state via 122 EEG, EMG, and video as animals spontaneously switched between wakefulness and sleep ( Fig.   123 1a). Tone pips were intermittingly presented with long inter-stimulus intervals, and for each 124 trial we determined if the stimulus led to an awakening or whether sleep was maintained ( Fig.   125 1b, Supp. Fig. 3 & Methods). The probability of SEA monotonically increased with sound 126 intensity levels ( Fig. 1c ). For example, awakening probability significantly increased by 27 ± 127 4% (NREM sleep) and 49 ± 10% (REM sleep) as sound intensity increased from 60 dB to 90 dB 128 SPL (n=4 rats), and significantly increased further by 61 ± 1% (NREM sleep) and 59 ± 9% (REM 129 sleep) as sound intensity increased from 80 dB to 90 dB (n=2 rats). The increase in awakening 130 probability as a function of sound intensity established that arousal threshold can be 131 quantified in a sensitive and reliable manner using this approach. In addition, we find higher 132 EEG slow wave activity (SWA, 0.5-4 Hz) in pre-stimulus baseline (2s before sound onset) in 133 trials not followed by behavioral awakenings (Supp. Fig. 3d ), as previously shown 5 . 134 We then evaluated SEA probability after NE drug interventions .We injected either 135 detomidine (α2 agonist, to decrease NE signaling, 1 mg/kg), yohimbine (α2 antagonist, to 136 increase NE signaling, 1 mg/kg) or saline (control) intraperitoneally (i.p.). We first evaluated 137 the effects of modulating NE signaling on sleep architecture and locomotor activity (Supp. Fig.   138 1). Detomidine significantly increased the time spent in NREM sleep at the expense of 139 wakefulness and REM sleep (20.2 ± 1.1% increase in NREM sleep, n=6 rats, Supp. Fig. 1b ). 140 Yohimbine did not significantly affect sleep architecture but did increase locomotor activity 141 during wakefulness (Supp. Fig. 1d ). Next, we evaluated SEAs after NE drug injections. 142 Detomidine significantly decreased the probability of SEA during NREM sleep (14.1 ± 3.4%, 143 24.8 ± 5.0% and 46.1 ± 7.3% decrease for 76, 88 and 98 dB SPL sound levels, respectively; n = 144 6 rats Fig. 1d and Supp. Fig. 1a ). Yohimbine did not affect the probability of SEA. Although this 145 systemic pharmacological manipulation has some caveats given the widespread actions of 146 α2-adrenoceptor agonists, nonetheless this supported the suggestion that attenuating NE 147 signaling decreases the probability of SEA. 149 To determine if ongoing changes in LC activity predict SEAs during sleep, we recorded the 150 spiking of LC neurons (n = 9 units (8 multi-units/1 single-unit), from one rat) using chronically 151 implanted, drivable silicon probes in freely moving animals. LC neurons were identified by 152 their typical action potential waveforms and their "bi-phasic" responses to toe pinch 30,36 ( Fig.   153 2a). We found that mean spike discharge rates were highest during active wakefulness, lower 154 during quiet wakefulness, and lowest in sleep ( Fig. 2d ), as previously reported 12 . The lowest 155 firing rates were observed during NREM-to-REM transitions, when sleep spindle activity is 156 maximal 37-39 . LC neurons reliably responded to auditory stimulation by firing brief bursts 157 shortly after sound onset ( Fig. 2b,e ). Dividing auditory trials during NREM sleep to those that 158 ultimately led to an awakening or not ( Fig. 2c ) we found that LC spiking activity before sound 159 onset was significantly higher before trials that led to awakening (1.99 ± 0.49 Hz) vs. 160 maintained sleep (1.41 ± 0.39 Hz) ( Fig. 2c ). The phasic response (0-100ms after sound onset) 161 was not linked with SEA probability during NREM sleep (p = 0.959, paired t-test, n = 9) and 162 showed an opposite trend relative to tonic baseline firing (phasic response: active wake<quiet 163 wake< NREM sleep, n = 9) ( Fig 2g) . We also noted that the higher the spontaneous activity 164 before the sound, the lower was the phasic response to the sound (n = 9, Fig. 2h ). To achieve cell-type specific optogenetic control over LC activity, we unilaterally transduced 169 LC neurons by injecting CAV2-PRS-ChR2-mCherry ( Fig. 3a ). Transgene expression was specific 170 and effective as 83.1% of the TH + neurons expressed mCherry (Fig. 3b ). Next, we verified 171 optical activation of LC neurons in vivo under light anesthesia. We implanted a 16-channel 172 optrode and recorded LC firing activity in neurons in the dorsal pons, which exhibited 173 characteristic wide action potentials and responded to both toe pinch ( Fig. 3c ) and laser 174 stimulation ( Fig. 3d ,e,f,g). Upon laser illumination, we found reliable activation of LC neurons 175 that showed a clear relationship between firing rate and illumination parameters including 176 light intensity, pulse duration, and stimulation frequency. Although a subset of LC neurons 177 may not respond to toe pinch 30,40,41 , in our hands neurons that responded to laser stimulation 178 showed toe pinch-evoked firing which had a typical biphasic response to contralateral and 179 ipsilateral pinch 42,43 ( Fig. 3c ). 180 In freely behaving rats, strong (10sec at 10Hz, 90ms pulse duration) LC activation reliably led 181 to awakenings from NREM sleep and to EEG activation, in line with previous studies 21,22 ( Fig.   182 3h,i). The ability to elicit short arousals upon unilateral LC optogenetic activation was 183 maintained for 6 months, attesting to sustained and stable CAV-2-mediated ChR2 expression 184 with minimal toxicity (as previously noted 22, 44 To stringently test the effectiveness of the stGtACR2 silencing strategy in vivo we transduced 236 adult rats unilaterally with a relatively low titer of CAV2-PRS-stGtACR2-fRed (1.4x10 7 pp) and Supplementary Fig. 3h ) as was reported for LC silencing during wakefulness 21 . 260 SEA probability during NREM sleep (but not REM sleep) significantly decreases in both 261 conditions (4.38 ± 2.01% and 8.59 ± 2.10% decrease for SL and SafterL, respectively, n = 6) 262 with a significantly more pronounced decrease when baseline LC activity was silenced before 263 sound onset (Fig. 7b,c) . Unlike the association between LC excitation and reduced spindles, 264 LC silencing did not significantly affect spindle occurrence, although there was a trend 265 towards increased spindle events (p=0.068 via one-tail paired t-test, n=6). The LC shows two types of activity: a tonic mode that is high in wakefulness and low in sleep 322 12 implicated also in arousal, stress, anxiety, and pain processing 85 ; and a phasic mode that 323 occurs during presentation of salient stimuli 29,86,87 , behavioral tasks 88 and reward 324 anticipation 89 . Our results highlight a role for tonic (but not phasic) LC activity in SEAs. For 325 example, SEA probability was significantly lower when LC silencing started before sound 326 presentation than when LC silencing began simultaneously with the sound (Fig. 7b ). In In summary, we show that low LC activity during sleep plays a key role in mediating reduced 348 responsiveness to sensory stimuli, thereby revealing a mechanism that controls how sleep is 349 maintained in the face of external events.
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Baseline tonic LC activity reflects probability of SEA from NREM sleep
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Acknowledgements 351 We thank Inna Slutsky and members of Nir lab for discussions and suggestions, Chiara Cirelli 352 and Giulio Tononi for comments on earlier draft, Yaniv Sela for help with spindle detection, 353 Menahem Segal and Susan Sara for helpful discussions on LC experiments. We thank the This cassette replaces the E1 region in a E1/E3-deleted, replication-defective CAV vector. 410 Similarly, CAV2-PRS-Cre-V5 was generated in the Pickering Lab and has the same promoter 411 with Cre-recombinase and a V5 tag in the expression cassette. Fig. 3 ), but 632 these did not constitute a necessary condition since changes in neck EMG were not always 633 present, even in cases where video showed clear awakening. When laser was presented 634 alone, behavioral awakening was declared if the changes described above occurred in the 635 same 3s. Arousals could be followed by a wake period or by return to sleep (Fig. 1b ). All other 636 trials were categorized as maintained sleep. 637 Arousal threshold analysis. We compared awakening probability across sound intensities for 638 NREM sleep and REM sleep separately (Fig. 1C) , between drugs for the three sound intensities 639 and sleep stages separately (Fig. 1d) , and as a function of time elapsed after drug injection 640 ( Supplementary Fig. 1a ). 641 In combined arousal threshold & optogenetic experiments, awakening probability was 642 computed separately for NREM sleep and REM sleep, across conditions ("S" / "SL" / "L"), and 643 across sound intensities (67/80 dB SPL). Specific conditions with less than 15 trials per 644 condition (e.g. 67 dB SPL in REM sleep) were excluded from analysis. 645 To assess true synergism between NE activity and sounds above and beyond their expected 646 independent effects, we calculated the expected cumulative effect of the sound alone and 647 the laser alone as following: %S+(100-%S)*(%L)/100 (where %S=awakenings percentage for 648 sound only and %L=awakenings percentage for laser alone, see horizontal lines in Fig. 5a ). We 649 then compared it to the observed awakening probability in "SL" condition via 2 way RM 650 ANOVA (between conditions (S/SL) and laser parameters (5Hz/10Hz/burst) in NREM and REM 651 sleep followed by paired t-test corrected with FDR ( Fig. 5 and Supplementary Fig. 2) ).
652
EEG and EMG analysis. In order to calculate the time-varying amplitude of the EEG in specific 653 frequency bands (0.5-4 Hz for delta, 5-9 Hz for theta) a notch filter was first applied around 654 50Hz and then the instantaneous amplitude was obtained by taking the absolute value of the 655 Hilbert transform of the band-passed signal. Amplitude signals were then smoothed by a 656 moving average filter (with 0.5 s window) and normalized using z-score relative to the 657 baseline (2 sec before sound). We then averaged the amplitude after the sound (0-6 sec) and 658 compared between trials followed by awakenings and trials followed by maintained sleep. 659 We analyzed the EMG signal by first normalizing using z-score and calculated the increase in 660 the RMS after the sound (0-6 sec) compared to the RMS of the baseline EMG activity (2 sec 661 before sound) in trials followed by awakenings vs. trials followed by maintained sleep. We 662 calculated the FFT of baseline EEG activity for each trial and found decrease in delta power 663 (0.5-4Hz) in trials followed by awakenings compared to trials followed by maintained sleep. 664 These comparisons were done via one-tail paired t-test, for n=9 rats (3 from ChR2-mcherry, 3 665 from mCherry and 3 from stGtACR2-fRed). We also calculated the FFT of baseline EEG activity 666 for the silencing chronic experiment and found increase in delta power (0.5-4Hz) in trials with 667 laser compared to trials without laser. These comparisons were done via one-tail paired t-668 test, for n=17 sessions (6 rats injected with stGtACR2-fRed).
669
Sleep spindles. Individual spindles were detected automatically in the EEG as in 37 . Briefly, we 670 identified events > 2SD over the mean of the 10-16Hz band-pass filtered signal and verified 671 that increased power was specific to this range and not broadband. We then counted the 672 number of spindle peaks that occurred in the 1.5s before sound onset and compared "laser 673 on" trials to "laser off" trials via paired t-test. Supplementary Fig. 1d ). We then calculated and compared the increase in locomotion time 681 and distance travelled. Analysis of spiking activity. For analysis of spontaneous ( Fig. 2d ) and sound-evoked ( Fig. 2b,e ) 704 LC unit activity, data were first divided into vigilances states (active quiet, quiet wake, NREM 705 sleep, NREM-REM sleep transitions, REM sleep) according to EEG, EMG and video (see above). 706 Baseline tonic activity was calculated by averaging the firing rate 2s before sound onset for 707 each unit, and compared between states and within NREM sleep depending on whether the 708 sound led to an awakening or not (Fig. 2b, c) . Sound-evoked firing was calculated by averaging 709 the firing rate during the 100ms after sound onset for each unit, and compared between 710 states (Fig. 2g ). In addition, the sound-evoked firing rate was divided by baseline tonic activity 711 for each unit separately, and this ratio was compared between states ( Fig. 2h ). All 712 comparisons were done via a paired t-test. Neurosci. 1, 876-886 (1981 contributing to each result. Average of n=2.75 (4.5) experiments per rat for n=4 (2) rats. Two-way 993 repeated measure (RM) ANOVA reveals significant interaction between sleep stage and sound 994 intensity (F=5.07, p=0.018, n=4 rats), and main effects of sound intensity (p=4.15x10 -8 for n=4 rats, 995
p=6.18x10 -7 for n=2 rats) and sleep stage (p=0.01, n=4 rats) (D) Probability of awakenings (%) as a 996 function of sound intensity in NREM sleep following administration of detomidine (α2-agonist, lower 997 NE, green), yohimbine (α2-antagonist, higher NE, blue), or saline (gray). Note that lower NE decreases 998 awakening probability. Two-way RM ANOVA followed by post-hoc t-tests corrected with False 999
Discovery Rate (FDR) *p<0.05, **p<0.01 in n=6 rats. 1000 
